The WRKY proteins constitute a large family of transcription factors that have been known to 17 play a wide range of regulatory roles in multiple biological processes. Over the past few years, 18 many reports have focused on analysis of evolution and biological function of WRKY genes at the 19 whole genome level in different plant species. However, little information is known about WRKY 20 genes in melon (Cucumis melo L.). In the present study, a total of 56 putative WRKY genes were 21 identified in melon, which were randomly distributed on their respective chromosomes. A 22 multiple sequence alignment and phylogenetic analysis using melon, cucumber and watermelon 2 23 predicted WRKY domains indicated that melon WRKY proteins could be classified into three 24 main groups (I-III). Our analysis indicated that no recent duplication events of WRKY genes were 25 detected in melon, and strong purifying selection was observed among the 85 orthologous pairs of 26 Cucurbitaceae species. Expression profiles of CmWRKY derived from RNA-seq data and 27 quantitative RT-PCR (qRT-PCR) analyses showed distinct expression patterns in various tissues, 28 and the expression of 16 CmWRKY were altered following powdery mildew infection in melon.
Introduction
WRKY proteins are widely distributed in all plants and comprise one of the largest transcription 38 factor families. Over the past decades, these proteins have been found to play an increasing zinc finger motif. Group III also contains only one WRKY motif but has a C2HC type zinc finger 48 motif (C-X7-C-X23-H-X1-C). WRKY transcription factors in group II can be further divided into 49 five subgroups (IIa, IIb, IIc, IId, and IIe) according to their phylogenetic relationship [6] .
50
With the release of an increasing number of genome sequences, more and more WRKY genes 51 have been identified in a wide range of plant species [9] [10] [11] [12] [13] [14] , suggesting that WRKY proteins have 52 evolved diverse functions with different biochemical properties. To date, many plant WRKY 53 proteins have also been functionally studied in detail, suggesting that they are implicated to 54 modulate seed development, flowering, fruit ripening, senescence and various metabolic processes 55 by binding to W-box element ((C/T)TGAC(T/C)) in the promoter of downstream target genes 56 [15] [16] [17] [18] [19] . For example, a WRKY protein is strongly expressed in the endothelium of 57 developing seeds, and plays important role during seed coat development in Arabidopsis [20] . In 58 soybean, differential expression of GsWRKY15a between wild and cultivated soybean pods was up-or down-regulated in response to drought and salt stress. Furthermore, overexpression of 68 tolerance [22, 23] . Notably, increasing reports showed that the regulatory roles of WRKY proteins 69 in plant defense response are closely associated with hormone-mediated signal pathways such as watermelon and other species [11, 14] . However, the basic knowledge of the melon WRKY family 85 genes as well as the evolutionary relationship, functional conservation and diversification among 86 WRKY family genes in cucurbitaceae species have still not been reported.
87
Thus, our aim was mainly focus on the identification and characterization of WRKY family 88 genes in melon and analysis the evolutionary relationships of WRKY family genes among cucurbitaceae species. In the present study, we identified a total of 56 proteins with complete 
140

RNA-seq based expression analysis and correlation calculation 141
The normalized expression levels of melon WRKY and VQ genes in different tissues as well as 142 different developmental stages based on RNA-seq data were obtained from the Melonet DB for 143 functional genomics study of muskmelon (http://melonet-db.agbi.tsukuba.ac.jp/cgi-bin/top.cgi).
144
Gene expression data are presented as log 2 (RPKM value+1) to reveal difference in expression 145 levels among different tissues. To visualize the expression patterns of the WRKY genes in different 146 melon organs, a heat map was created using R project (http://www.r-project.org/). The 147 co-expression correlation analysis between WRKY genes and all VQ genes was performed using R 148 programming language (http://www.r-project.org/). The co-expression network was constructed 149 using genes with r > 0.6 and a FDR < 0.05. were found within the 5-Mb regions with 80% and higher nucleotide similarity with e-value 205 threshold of 1e -10 were considered as tandemly duplicated genes, and the ones separated by >5 Mb 206 distance were identified as segmentally duplicated genes. The results showed that the highest 207 levels of nucleotide identity were the pairs CmWRKY4-CmWRKY6 (75.6%), ClWRKY4-ClWRKY6 208 (76.8%) and CsWRKY4-CsWRKY6 (74.2%) for melon, watermelon and cucumber, respectively.
150
RNA isolation and qRT-PCR analysis
209
The result did not provide clear evidence of recent gene duplication events including tandem 210 duplication and segmental duplication for each of the three species, as the nucleotide identity of 211 WRKY pairs were lower than 80%, which revealed that duplication event plays an insignificant 212 role in cucurbitaceae WRKY genes evolution. Indeed, Ling has discovered that no gene 213 duplication events occurred in CsWRKY gene evolution because of no paralogs of cucumber can 214 be detected through phylogenetic and nucleotide identity analysis.
215
Orthologous gene identification and selection pressure analysis of WRKY 216 orthologous genes among cucurbitaceae species 217 In our study, we further identified 44 orthologous pairs between melon and watermelon, 43
218 orthologous pairs between melon and cucumber, and 40 orthologous pairs between watermelon 219 and cucumber according to the phylogenetic and homogeneity analysis (S4 Table) . The highest 220 and lowest amino acid identity between melon and cucumber were the pairs CmWRKY50-CsWRKY24 (98.62%) and CmWRKY7-CsWRKY35 (74.21%) with an average 222 sequences identity of 93.00 %. The highest and lowest protein sequence identity between melon 223 and watermelon were the pairs CmWRKY53-ClWRKY16 (95.92%) and CmWRKY5-ClWRKY26
224
(65.51%) with an average sequences identity of 83.57%. The highest and lowest amino acid 225 identity between watermelon and cucumber were the pairs CsWRKY24-ClWRKY15 (95.65%) and 7) . Among them, most CmWRKY were up-regulated after 280 inoculation except for CmWRKY15. Besides, up-regulation was also observed for CmVQ6,
281
CmVQ16, CmVQ23, while CmVQ18 and CmVQ21 showed the opposite pattern after inoculation.
282
To validate the RNA-seq data, qRT-PCR was performed to examine the expression of several results were in agreement with the sequencing data (Fig 8) .
286
Discussion
Genome-wide exploration and phylogenetic analysis of WRKY genes among 288 cucurbitaceae species 289 The evolutionary relationship and function analysis of WRKY genes have been thoroughly studied 290 in most plants. In the previous report, genome-wide analysis of WRKY family genes in cucumber 291 and watermelon has also performed, and 55 CsWRKYs as well as 63 ClWRKYs in the cucumber 292 and watermelon genome were identified, respectively [11, 14] . which is possible that the genome or gene family duplication events have resulted in the different 316 size of the group III WRKY genes among cucurbitaceae species, Arabidopsis and rice.
317
The orthologous and expression analysis of WRKY genes provide important clues 318 for their function 319 The recent gene duplication events including segmental duplication and tandem duplication are 320 most important in the expansion and evolution of gene families, and were considered to be the raw 321 materials for new biological functions. Therefore, we further analyzed the influence of recent 322 duplication events to WRKY family genes in cucurbitaceae species. The results showed that there 323 are no recent tandem duplication and segmental duplication event in WRKY family genes of 324 cucurbitaceae species, as the nucleotide identity of paralogous pairs were lower than 80%.
325
Therefore, the absence of recent duplication events in melon, watermelon and cucumber genome 326 may attribute to the small size of WRKY members.
327
Given that orthologous genes among different plants are generally supposed to retain similar 328 functions and to share other key properties. Thus, the comparative analysis of WRKY orthologous 329 genes among cucurbitaceae species could help to predict their genetic relationship and the AtWRKY46 played very important roles in response to drought and salt stresses in Arabidopsis, 332 and as the orthologous gene of AtWRKY46 in watermelon, ClWRKY23, was also reported to be 333 up-regulated under drought and salt stresses, implying that these two WRKY play similar functions 334 in different plant species [14] . In our study, a total of 44 orthologous pairs between melon and 335 watermelon, 43 orthologous pairs between melon and cucumber were identified, which provided 336 important clues for further functional prediction of WRKY genes in melon. A WRKY transcription 337 factor from cucumber, CsWRKY46, confers cold resistance in transgenic plants by regulating a set 338 of cold-stress responsive genes in an ABA-dependent manner [38] . As its orthologous genes,
339
CmWRKY29 may also play similar roles in response to cold stress in melon. However, further [49] . Transcriptome analysis and qRT-PCR expression profiles in melon leaves generated in 369 the current study also revealed that many WRKY genes were responsive to powdery mildew 370 inoculation, thus highlighting the extensive involvement of WRKY genes in resisting to powdery 371 mildew disease.
372
Previous reports showed that some rice and grape WRKY genes were co-expressed with VQ 373 genes during the response to attacks by three different pathogens [50, 51] CmWRKY genes were co-expressed with 11 CmVQ transcription factors (Fig 6) . Furthermore, 379 some of the co-expressed CmWRKY and CmVQ genes were shown to be response to powdery 380 mildew infection, implying that these VQ and WRKY proteins are involved in the same biological 381 pathway. For example, CmVQ6 positively co-expressed with CmWRKY47, CmWRKY55,
382
CmWRKY56 and all these were up-regulated by powdery mildew inoculation (Fig 6 and 7) , 
440
The color scale is shown at the right and higher expression levels are shown in red. 
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